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Serpentine inletAbstract Microjets are used to control the internal flow to improve the performance of an
ultra-compact serpentine inlet. A highly offset serpentine inlet with length-to-diameter ratio of
2.5 is designed and static tests are conducted to analyze the internal flow characteristics in terms
of pressure recovery, distortion and flow separation. Flow separation is encountered in the second
S-turn, and two strong counter-rotating vortices are formed at the aerodynamic interface plane
(AIP) face which occupy a quarter of the outlet area and result in severe pressure loss and
distortion. A flow control model employing a row of microjets in the second turn is designed based
on the internal flow characteristics and simplified CFD simulations. Flow control tests are
conducted to verify the control effectiveness and understand the characteristics as a function of inlet
throat Mach number, injection mass flow ratio, jet Mach number and momentum coefficient. At all
test Mach numbers, microjet flow control (MFC) effectively improves the recovery and reduces the
distortion intensity. Between inlet throat Mach number 0.2 and 0.5, the strong flow separation in
the second S-turn is suppressed at an optimum jet flow ratio of less than 0.65%, resulting in a
maximum improvement of 4% for pressure recovery coefficient and a maximum decrease of
75% for circumferential distortion intensity at cruise. However, in order to suppress the flow
separation, the injection rate should retain in an effective range. When the injection rate is higher
than this range, the flow is degraded and the distortion contour is changed from 90 circumferential
distortion pattern to 180 circumferential distortion pattern. Detailed data analysis shows that this
1382 X. Da et al.optimum flow ratio depends on inlet throat Mach number and the momentum coefficient affects the
control effectiveness in a dual stepping manner.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Fig. 1 Outlines of the final inlet.1. Introduction
Practices in recent years tend to use highly offset and ultra-
compact serpentine inlets for the considerations of survivabil-
ity and affordability. The bending nature of the higher offset
inlet results in increased curvature which produces secondary
flow and possibly separated flow in the duct.1 The compact
nature of the shorter inlet limits the length of diffusion and dis-
sipation of these secondary and separated flows, which leads to
greater pressure loss and distortion levels. Consequently, the
engine thrust, efficiency and stability margin are decreased,
and the life cycle cost is increased.2 Therefore, the tradeoff
between inlet performance and stealth quality poses a serve
design challenge.
Although benefits can be obtained through tailoring of area
distribution, cross sectional shape and local wall curvature,
very little results have been published upon the aerodynamic
design and optimization methodologies. In the 1980s, Lee
and Boedicker3 studied the design methodology for short,
highly offset and subsonic diffusers, and concluded that com-
pact diffusers can be made to yield acceptable performance by
proper duct shaping and boundary layer bleed. However, this
work is only for inlet with one S-duct (two turns), and current
aircraft design practices tend to use simpler inlets with two
S-ducts (three turns) which turn sharply in the second turn.
In the 1990s, Mayer et al.4 studied a 3D subsonic diffuser
design with two S-ducts and concluded that duct curvature
in the primary flow direction has the largest impact on recov-
ery, while duct cross-section shaping has a smaller impact.
With the development of blended wing body aircraft, more
design methodologies have been proposed for serpentine inlet
in recent ten years. Xie and Guo5 proposed a vortex-
controlled design concept through reconstructing the global
secondary flow. Zhou et al.6 proposed a unique shaping
method based on curvature regulation. Dhanabalan et al.7
studied a duct parametrization method which is suitable for
aerodynamic sensitivity analysis and optimization. Zhang
and Lum8 proposed an optimization method using adjoint
equations. However, those recent methodologies do not solve
the design issues very well, which is partly due to the require-
ment of highly integrated inlet.
As the design methodology develops very slow, research
efforts turned to flow controls in the diffuser duct. While some
methods employ means to energize the low momentum bound-
ary layer, the current approaches focus on the source of sec-
ondary flow. Such strategy involves the creation of a second
pair of counter-rotating vortices opposite in direction to those
formed by the duct. Hamstra et al.9 indicated that the genera-
tor is much less important. They experimentally verified that
both vane type and air-jet vortex generators (VGs) can be
used. As compared with vane type VGs, air-jet VGs are easier
to be manufactured and applicable to adaptive control. Fol-
lowing Hamstra et al.’s work, Rabe10 used micro air-jets
(microjets) of 0.8% mass flow ratio to suppress the flow sepa-
ration in the STRICT (STRucturally Integrated Compact InletTechnology) inlet with length-to-diameter ratio of 3. Ander-
son11 successfully implemented feedback controls in this inlet
using a single row of microjet VGs. At the same time, Paduano
et al.12 at Massachusettes Institute of Technology (MIT) stud-
ied pulsed injection flow control with slot Coanda injectors
with higher effective mass flow ratios than those of microjets.
As microjet flow control (MFC) shows a very promising
prospective, efforts have been carried out on integrated
inlet/fan flow control test13 and unmanned air vehicle flight
test.14
All the works show very positive impact on the develop-
ment of MFC. However, the works mentioned above referred
little to the intrinsic internal aerodynamics about how vorticity
is generated and cancelled. The characteristics of MFC are also
not fully clear according to the deficient study cases and pub-
lished data. In a recent effort, we carried out MFC studies in
an ultra-compact serpentine inlet to further understand the
control details. For this purpose, we carried out MFC studies
in an ultra-compact inlet to expand our vision which would be
helpful for further CFD studies and control system
development.
2. Ultra-compact inlet and experimental setup
2.1. Inlet design
The major design considerations of the inlet were length, offset
and cross section shaping. Fig. 1 shows the outlines of the final
inlet. As can be seen, the final inlet has two S-ducts and, thus,
three turns. The length-to-diameter ratio (L/D) of this inlet is
2.5 and is more aggressive than the STRICT inlet.3 The second
turn is almost 90 which is very aggressive that can provide the
line-of-sight blockage of the engine face. The entrance is a
semiellipse and is also the location of throat (minimum area).
The lengths of the two S-ducts are 1.1D and 1.4D, and the
height offsets of the two S-ducts are 0.7D and 0.4D. The cen-
terline shapes and the area distributions of the two S-ducts are
represented by four order polynomials. For the purpose of
flow control investigation, aerodynamic performance was not
optimized.
2.2. Experimental setup
Experiments were conducted in the direct-connect inlet test
facility in China Aerodynamics Research and Development
Fig. 2 Experimental setup.
Fig. 3 Pressure recovery coefficients and distortion intensities.
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sists of a high-pressure air supply (up to 2 MPa), a pressure
valve, a settling chamber, a bellmouth, a constant area tunnel,
the test inlet, a measurement duct and an exhaust pipe. Test
Mach numbers are determined by the total pressure and static
pressure at the middle section of the constant area tunnel. The
Mach number is variable through controlling the pressure
valve to adjust the total pressure in the constant area tunnel.
The test inlet is 625 mm in length and 250 mm in diameter.
The measurement duct for measuring pressure recovery and
distortion contains 12 equiangularly spaced rakes with five
probes per rake located at the centroids of equal areas see
Fig. 2(b). It complies with the SAE (Society of Automotive
Engineers) ARP-1420 recommendations.15 The microjet gener-
ation pipe see Fig. 2(c) uses the same high-pressure air supply
and also has a small pressure valve for controlling the mass
flow rate measured by a SIEMENS flowmeter. Following the
flowmeter is a plenum chamber which is used to stabilize the
pressure of the microjets. The plenum chamber is 300 mm in
diameter and 500 mm in length which is large enough to pro-
vide uniform and stable air.
3. Aerodynamic performance and flow physics
3.1. Pressure recovery and distortion
Static tests were conducted at first to obtain the basic perfor-
mance and understand the internal physics for the flow
control design. As the inlet was considered for high subsonic
uses, the cruise throat Mach number Math was set to be 0.5.
Therefore, the tested Mach number ranges from 0.15 to
0.60. The data reduction method for pressure measurements
at the aerodynamic interface plane (AIP) complies with the
SAE ARP-1420 recommendations. The circumferential and
radial distortion intensities for each measuring ring are
determined byDPCPi ¼ PRi  PRLOWi
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where DPCP is the circumferential distortion intensity; DPRP
is the radial distortion intensity; PR is the pressure recovery
coefficient between the total pressure pt at the AIP and the
inflow total pressure pt0, subscript i represents the index of
the five measuring rings, and AVG and MAX are the abbrevi-
ation of average and maximum respectively. Details can be
found in Ref. 10 Pressure recovery coefficients and distortion
intensities without control are presented in Fig. 3. Obviously,
the performance of this inlet is much worse than traditional
inlets. As the inlet throat Mach number Math increases, the
performance deteriorates nonlinearly. Additional test at Mach
number 0.62 shows that the PR, DPCP and DPRP curves have
the largest slopes around Mach number 0.6, indicating that the
inlet performance would drop sharply.
Fig. 4 presents the total pressure contours at the AIP. Total
pressure ratio is displayed by color variation with red indicat-
ing a high total pressure recovery and blue representing max-
imum pressure loss. At all Mach numbers, there is a
significant low pressure region on the top center occupying
nearly one quarter of the fan face. What is interesting is that
the two vortices occupy almost the same area at all test Mach
numbers. The difference is that the pressure in the low pressure
region decreases with the increase of Mach number. The CFD
simulations also show that at Mach number 0.6, local speed
becomes transonic. This causes a rapid performance drop at
Mach number 0.6. Thus, the working condition should avoid
exceeding Mach number 0.6.
Examining the total pressure contour plots, there are also
two regions of pressure loss on the opposite sides. These two
Fig. 4 Total pressure contours at the AIP.
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upstream of entrance of the second S-dust.
3.2. Flow separation in inlet
Fig. 5 shows the static pressure profiles along the top and bot-
tom centerlines of the inlet. Here, we prefer to use pressure
coefficient Cp rather than static pressure ratio just because
we found that the pressure coefficient profiles show better con-
sistency at different Mach numbers. These pressure coefficient
distributions can provide an insight into the internal flow
physics including secondary flow and separated flow.
At x/L= 0.2, i.e., the middle section of the constant area
tunnel, the pressures on the top and bottom side are almost
equal to each other. Those two measurements are used to
calculate the Mach number of the throat.At x/L= 0, i.e., the entrance of the inlet, the sharp turn
induces a significant pressure difference on the top and bottom
side. This is due to the generation of centrifugal forces, which
are compensated for by an upward pointing pressure gradient.
As can be seen in Fig. 5, the difference of pressure coefficients
is up to 1.3 and is almost the maximum value along the center
lines. This pressure difference generates streamwise vorticity
and cross-flow plane velocity components. The cross-flow
plane velocity components will migrate the boundary layer
along the walls towards the downward side, which causes the
accumulation of boundary layer fluid at the bottom of the
inlet.
Along the bottom side of the first S-duct (x/L= 0–0.44),
the flow experiences an adverse pressure gradient. However,
this adverse pressure gradient along with the boundary layer
accumulation at the bottom side does not lead to flow
Fig. 5 Streamwise pressure coefficient distribution at different
Mach numbers. Fig. 7 VG arrangements and secondary flow structure.
Microjet flow control in an ultra-compact serpentine inlet 1385separation. The underlying fact is that the accumulation of
boundary layer is not severe due to the thin boundary layer
at the entrance. At x/L= 0.23, the pressure gradient inverses
and the boundary layer begins to accumulate on the top side.
Along the top side of the first S-duct, the flow experiences a
favorable pressure gradient. However, the pressure rises shar-
ply at x/L= 0.44 (the outlet of the first S-duct).
Rabe10 noted that the indication of separation in such ser-
pentine inlets can be found as a constant value of static pres-
sure. From this point of view, the flow detaches from the top
wall at x/L= 0.46. This was also validated by CFD results,
as can be seen in Fig. 6. The constant value lasts from
x/L= 0.46 to 0.55 indicating that the separation region is
about 56 mm long. At Mach number 0.6, the separation point
moves upstream to x/L= 0.44 and the separation region is
12.5 mm longer. This variation finally affects the MFC
effectiveness which will be mentioned in the next section.
The pressure coefficients diverge to a maximum value of 0.13
in the second S-duct.Fig. 6 CFD prediction of flow separation at Math = 0.5.
Fig. 8 Iso-surface of zero velocity in a 2-D inlet with flow
control.The flow physics combined with the pressure contours at
the AIP and CFD simulations shows that the significant pres-
sure loss and distortion were the results of the two counter-
rotating vortices detached from the top entrance of the second
S-duct. Therefore, flow controls could be added in the second
turn.
4. Microjet flow control
4.1. Control design
The test model employed VGs in the form of a single row of
circular microjets located at the upstream of the entrance ofthe second S-duct on the top side. These microjets were placed
and angled to counteract the naturally occurring vortices from
the second turn. Therefore, co-rotating arrangement was used
instead of counter-rotating arrangement for separation con-
trol, as can be seen in Fig. 7. Co-rotating arrangement pro-
duces vorticities opposite to the global secondary flow.
Counter-rotating arrangement uses pairs of opposite VGs.
Each pair of VGs produces zero or minimum total vorticities.
Thus, co-rotating arrangement enacts global control of sec-
ondary rather than local control of separation. Because sec-
ondary flow is distributed along the entire circle, VGs can be
arranged along the entire circle when co-rotating arrangement
is used. However, for the consideration of blowing rate, VGs
were arranged at the top surface.Jet orientation and location are important parameters to
successfully implement MFC. For this inlet, it is not difficult
to decide the streamwise location. Effective MFC needs to
place the jets to the upstream of the point of separation. Plac-
ing the jets too close to the point of separation, or worse,
downstream of the point of separation causes them to have a
minimal or no effect on the flow separation. Besides, effective
MFC needs to place the jets at locations benefiting the air
injection with lower pressure. As can be seen in Fig. 5, there
is a low-pressure point at the upstream of the point of separa-
tion. This low-pressure point does not change with Mach num-
bers. Therefore, the blowing location is placed at x/L= 0.42
which is 25 mm to the separation point at Mach number
0.2–0.5 and 12.5 mm at Mach number 0.6.
The decision of jet orientation was much complex. 3-D
Reynolds averaged Navier–Stokes (RANS) simulations were
carried out to optimize jet orientation. Unfortunately, all 3-D
simulations did not show any effect which would be possibly
Fig. 10 Inlet with microjet blowing pipes.
Fig. 11 Pressure recovery coefficient at different mass flow
ratios.
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method was adopted. The new method used a simplified 2-D
inlet with the extension of the top and bottom centerlines to
analyze the effect of the jet orientation and the distance of
jet holes. Fig. 8 presents one of the simulation results. What
can be seen from the zero iso-surface of streamwise velocity
component is the location of the flow separation. Flow
separation point is delayed and moves downstream. As the
flow separation in the 2-D inlet model is more severe than
the 3-D inlet, results for the 2-D model would be expected to
be more effective when used for the 3-D inlet. Multi-rows of
microjets were also considered in the simulation. Finally, 20
jets were angled in both the streamwise direction and
the circumferential direction (see Fig. 9) according to the
simulation results. The pitch and yaw angle were 35 and 45
respectively.
In order to generate more uniform and stable pressure for
each microjet, microjets were fed by a plenum chamber with
separate pipes instead of surrounding plenum chamber.
Fig. 10 shows the inlet with the jet pipes and jet plug. The
jet plug was connected to the plenum chamber with plastic
pipes. The pressure of this plenum chamber was also measured
during the tests.
4.2. Effect of mass flow ratio on aerodynamic performance
Fig. 11 shows the improvement in area-averaged pressure
recovery due to varying Cmf which is the ratio between injec-
tion mass flow rate qj and inlet mass flow rate qth. At differ-
ent Mach numbers, a significant return in pressure recovery is
seen for flow control cases at about 0.6% of the inlet mass
flow rate. At Mach number 0.50, the average PR is improved
to 0.98. As expected, the pressure distortion is dramatically
reduced with the addition of flow control at about 0.6% of
the inlet mass flow rate, as can be seen in Fig. 12. MFC keeps
effective up to Mach number 0.50 and the circumferential dis-
tortion intensities reduced more than 75%. Exception occurs
at Mach number 0.62 at which the maximum reduction in
distortion is about 35% and the maximum improvement in
PR is about 1.2%. This reduction in control effectiveness is
partly due to the reduced distance between separation point
and injection location. Another cause is due to the local tran-
sonic speed which would exceed the maximum speed of jets.
Also can be seen from Figs. 11 and 12 is that no significant
improvement occurs with flow control greater than 0.65%.
Fig. 11 also shows the control results of the STRICT inlet
conducted by Rabe.10 As can be seen, the aerodynamic per-
formance without flow control is much worse due to smaller
length-to-diameter ratio and larger curvature. However, the
MFC improved the performance to the same levels below
Mach number 0.50.Fig. 9 Jet configuration.4.3. Effect of mass flow ratio on flow separation
Pressure contours at the AIP in Fig. 13 provide an insight to
understand the cause of performance improvement. Compared
with Fig. 4, the 90 low-pressure region in the top center has
been dissipated at Mach numbers below 0.5. The pressure in
this 90 fan face recovers to the free stream condition.
Fig. 14 gives the root mean square (RMS) value of the wall
pressure fluctuation along the top center line. The RMS value
is significantly decreased with microjet blowing, especially in
the second S-duct. It can be concluded that flow separation
at the second turn is successfully suppressed by air injection.
However, the two low-pressure regions on the opposite sides
moved upward which would be induced by the turning of pri-
mary flow toward the top center. These two regions contribute
a lot to the circumferential distortion intensities. At Mach
number 0.62, the low pressure region area becomes smaller
and the minimum pressure is increased, indicating that the flow
separation has been alleviated.
5. Control effectiveness
5.1. Optimum mass flow ratio
The optimum flow ratio Cmf-opt is defined as the minimum
injection mass flow ratio at which the flow separation can be
suppressed. Test points in the preliminary study of the effec-
tiveness of MFC in the previous section are too coarse. More
Fig. 12 Distortion intensities at different mass flow ratios.
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ratio and analyze the control effectiveness. Thus, test points
were refined at Mach number 0.2–0.5. Fig. 15 shows the opti-
mum mass flow injection ratios. Note that as the test points are
discrete, the final optimum ratio is the minimum ratio at which
the MFC works during the tests. As can be seen, the optimum
ratio varies with Mach numbers. The optimum ratio reduced
to about 0.5% at lower Mach numbers and remains at about
0.62% at higher Mach numbers.
5.2. Effectiveness at higher flow ratio
According to Figs. 11 and 12, the control effectiveness
decreases at higher flow ratios. This phenomenon is significant
for Mach number 0.5 at a flow ratio of 1.05%. Fig. 16 shows
the pressure contours at higher jet flow ratio. Although the
reverse mass flow ratio is quite different at different Mach
numbers, the distortion contours are quite similar. The low-
pressure region occupied half of the fan face, and the distor-
tion pattern is close to a 180 one. This change in distortion
pattern would be the result of the development of the excessive
secondary flow source which degrades the flow. This finding,
along with variable optimum flow ratio, suggests that controlsystems need to adjust the injection rate of the microjets
and, i.e., the bleed rate from the engine based on the actual
flight conditions. Otherwise, the distortion will not be well aba-
ted or the flow will be degraded. Note that the weak asymme-
try presented in the pressure contours is caused by the
machining error of jet plugs which is more significant at higher
flow rate.
5.3. Effect of jet velocity
Because the jet hole is designed as a converging-only nozzle
and the area ratio between the blowing pipe and jet hole is
16, the maximum velocity coming from the jet hole would be
sonic. Recognizing the pressure of the inlet primary flow is
controlling the flow through the nozzle, the velocity will
increase and the pressure will decrease as the flow progresses
through the nozzle until the pressure at the nozzle outlet equals
that of the inlet primary flow. Therefore, with sonic velocity at
the exit, the ratio between total pressure of the jet and static
pressure of the primary flow is 1.8929.16 If the ratio is larger
than 1.8929, the nozzle is choked and the flow velocity remains
sonic. If the ratio is less than 1.8929, the Mach number can be
estimated by the isentropic equation with the static pressure of
the inlet primary flow. The total pressure is substituted by the
pressure measurement of the plenum chamber at each jet-on
test point. The static pressure of the primary flow is substituted
by the pressure measurement of the plenum chamber at jet-off
test point.
Fig. 17 plots the estimated jet Mach number Maj at differ-
ent flow ratios. As can be seen, the jet velocity at the optimum
point is subsonic below inlet Mach number 0.3 and becomes
sonic above Mach number 0.3. The important and interesting
finding is that the nozzles are already choked at the optimum
flow ratio for Mach number 0.4 and 0.5. It is important to
recall that the flow properties changing with the total pressure
for a choked nozzle are the pressure and density. The nozzle
outlet pressure remains at the critical pressure which is larger
than the pressure of the primary stream and expansion to
the lower pressure of the primary stream takes place outside
the nozzle. This means that the working factors include not
only the jet velocity, but also the pressure and the density
which finally affects the penetration thickness in the primary
stream and the vorticity. From this view of point, the flow
interactions between the microjets and the primary stream
are rather complex.
5.4. Effect of momentum coefficient
Steady momentum coefficient is defined as the ratio of average
injection momentum to the momentum of boundary layer that
the jets act on,
Cl ¼
qjAju
2
j
qthAblu
2
th
ð6Þ
where qj and qth are the densities of the injected and free
stream air, respectively; Aj and Abl are the areas of the jet holes
and the boundary layer, and uj and uth are the velocities of the
jet and the freestream; Abl is taken as the boundary layer area
between the microjet row,
Abl ¼Wjd ð7Þ
Fig. 13 Pressure contours with flow control.
Fig. 14 Pressure fluctuation along top center line.
Fig. 15 Optimum mass flow injection ratio. Fig. 16 Pressure contours at higher jet flow ratio.
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Fig. 17 Jet Mach numbers at different flow ratios.
Fig. 18 Effects of momentum coefficient on pressure recovery
and distortion intensity.
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ness at the jet location. Due to the complex secondary flow
physics, d is approximately estimated through the thickness
equation of turbulent boundary layer,
d ¼ 0:37 x
Re0:2
ð8Þ
The estimated Abl is 0.003, 0.0027, 0.0026, 0.0025 m
2 at
Mach numbers of 0.2, 0.3, 0.4, 0.5 respectively. As mass flow
rate q is equal to qAu, Eq. (6) can then be simplified asCl ¼
qjMaj
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cRTj
p
qthAblMath
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cRTth
p
=Ath
ð9Þ
where Tj and Tth are the static temperatures of the microjets
and the freestream, and Ath is the area of the throat of the inlet.
Because the total temperatures of the microjets and the free-
stream are equal, Eq. (9) can be further simplified as
Cl ¼
CmfMaj
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 0:2Ma2th
q
AblMath
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 0:2Ma2j
q
=Ath
ð10Þ
For a given test point, the only unknown parameter in the
above equation is the Mach number of the air jet which has
already been estimated in the previous section. Fig. 18 presents
the average pressure recovery and distortion intensities due to
varying levels of momentum coefficient at different Mach
numbers. Compared with flow control test results using slot
jets,12 the distortion is not abated monotonically with the
increase of momentum coefficient. There are two significant
step regions. The second one is obviously due to the suppres-
sion of the flow separation. What should be noted is the first
one which indicates that if the air is not injected sufficiently,
the distortion intensity is likely to maintain at the levels at
lower mass flow rates.6. Conclusions
Investigation of MFC in a subsonic separating inlet was con-
ducted to understand the details of control characteristics.
Plenty of data were recorded and reduced to further expand
our vision on the design and effectiveness of MFC. Three
important conclusions are made.
(1) Design method based on internal flow physics was
demonstrated at Mach numbers 0.2–0.5. Separations
are suppressed and significant performance improve-
ments are obtained at injection rate less than 0.65% of
inlet flow rate. The maximum improvement on area-
average pressure recovery coefficient at cruise is about
4% which would result in an increase about 6% in
engine thrust.
(2) There is an effective mass flow range at which the sepa-
ration can be suppressed. With too little air injected, the
separation is only abated. With too much air injected,
the flow is further degraded and the steady distortion
pattern changes from a 90 one to a 180 one. Integrated
inlet/fan test would be beneficial to understanding the
effect of the 180 pattern on the fan performance.
(3) Optimum flow ratio depends on inlet Mach number, and
the momentum coefficient affects the control effective-
ness in a dual stepping manner. At lower momentum
coefficients, flow separation is abated but the distortion
intensity remains at the same level. With higher momen-
tum coefficients, flow separation is suppressed and the
distortion intensity remains at the same level too. This
finding indicates that a closed-loop flow controller is
necessary to optimize the injection rate based on flight
condition. Furthermore, the closed-loop control must
be able to prevent the injection rate from falling into
1390 X. Da et al.the local optimum condition at the first step. These pose
an engineering challenge to the closed-loop application
of MFC.
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